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METABOLIC ACIDOSIS IS A COMMON clinical condition that results from a decrease in blood pH and the concentration of bicarbonate ions (18, 52) . This type of acidosis can occur acutely, lasting for a few hours to a day, or as a chronic condition where acid-base balance is not fully restored. Metabolic acidosis also occurs frequently as a secondary complication, which adversely affects the outcome of patients with various lifethreatening conditions. Acid-base homeostasis is achieved, in part, by the renal reabsorption and net synthesis of bicarbonate ions and by the excretion of acids and ammonium ions (55) .
The various segments of the nephron exhibit rapid and sustained adaptive responses during the onset of metabolic acidosis (5) . For example, the proximal convoluted tubule exhibits a pronounced increase in ammoniagenesis and gluconeogenesis (6) . To support this adaptation, the renal proximal convoluted tubule extracts and catabolizes large amounts of plasma glutamine (48) . The extracted glutamine is transported into the mitochondrial matrix where it is deamidated by the kidney-type glutaminase (KGA) to yield glutamate and an ammonium ion. Subsequently, glutamate dehydrogenase (GDH) oxidizes the glutamate to ␣-ketoglutarate and yields a second ammonium ion. Further oxidation by ␣-ketoglutarate dehydrogenase generates an initial bicarbonate ion (31) . The cytosolic phosphoenolpyruvate carboxykinase (PEPCK) channels intermediates of the citric acid cycle to the gluconeogenic precursor, phosphoenolpyruvate, and produces a second bicarbonate ion (50) . Activation of the apical Na ϩ /H ϩ exchanger (NHE3) acidifies the glomerular filtrate and facilitates the removal of cellular ammonium ions (38) . The increased secretion of hydrogen ions also promotes bicarbonate reabsorption from the lumen (49) . The reabsorbed and newly synthesized bicarbonate ions are then transported across the basolateral membrane by the Na ϩ /3HCO 3 Ϫ cotransporter (NBC1) (38) . Increased expression of the key transporters and enzymes of this pathway sustains the increased renal catabolism of glutamine during chronic metabolic acidosis (6) . Various proteins, including KGA (8, 57) , are upregulated within the proximal convoluted tubule in response to metabolic acidosis. Increased expression of the mitochondrial KGA is due to selective stabilization of the KGA mRNA (19, 23) . This process is mediated by two eight-base AU sequences that function as pH-response elements (pH-RE) (28) . During chronic acidosis, the protein levels of the basolateral glutamine transporter (SN1), an unidentified mitochondrial glutamine transporter, GDH, PEPCK, and NHE3 are all increased to facilitate the restoration of acid-base balance (5) . The combined adaptations sustain the increased synthesis of ammonium ions, the increased reabsorption and production of bicarbonate ions, and their vectorial transport across the apical and basolateral membranes, respectively. However, recent transcriptome (34) and proteomic analyses (9, 54) indicate that the renal expression of a large number of additional mRNA transcripts and proteins is also altered in response to acidosis.
The sensitivity of proteomic profiling can be significantly enhanced by reducing the focus to highly enriched subcellular fractions. Mitochondria are essential organelles that transduce metabolic energy by electron transport and ATP synthesis. They are also involved in other functions such as apoptosis, ionic homeostasis, carbohydrate and amino acid metabolism, and the ␤-oxidation of fatty acids. In the current study, mitochondria were purified from proximal convoluted tubules that were isolated from normal and chronically acidotic rats. The mitochondrial proteins were digested with trypsin, fractionated by two-dimensional liquid chromatography, and analyzed by mass spectrometry. Many of the observed changes in protein abundance were subsequently validated by Western blot analysis.
MATERIALS AND METHODS

Animals.
All experiments were performed using male SpragueDawley rats (ϳ200 g) obtained from Charles River Laboratories (Kingston, NY). The rats were fed rodent chow (Harlan-Teklad, Madison, WI). Arterial blood pH and HCO 3 Ϫ concentrations were measured with an i-STAT 1 VetScan (Abaxis). The control rats were provided with tap water for drinking and had an arterial blood pH of 7.37 Ϯ 0.03 and HCO 3 Ϫ concentration of 23.9 Ϯ 2.4 mM. Acute metabolic acidosis was induced by stomach loading rats with 20 mmol NH4Cl/kg body wt and providing 0.28 M NH4Cl as their drinking water for 1 day. This protocol produced pronounced decreases in blood pH (7.11 Ϯ 0.04) and HCO 3 Ϫ concentration (8.8 Ϯ 1.1 mM). Rats that were made acidotic for 3 or 7 days were provided with 0.28 M NH4Cl as their sole source of drinking water. After 7 days of chronic acidosis, blood pH (7.34 Ϯ 0.03) and HCO 3 Ϫ concentration (15.6 Ϯ 0.9 mM) were partially compensated. On average, the control rats consumed 34.3 Ϯ 1.9 ml/day of water and the acidotic rats consumed a 36.4 Ϯ 2.5 ml/day of the NH 4Cl solution. All of the procedures were approved by the Institutional Animal Care and Use Committee at Colorado State University.
Isolation of proximal convoluted tubules and mitochondrial fractions. Rat renal proximal convoluted tubules were isolated as described previously (53) . Briefly, freshly isolated renal cortex was digested with collagenase and the proximal convoluted tubules were purified by Percoll gradient centrifugation. The isolated proximal convoluted tubules were pelleted by centrifuging for 10 min at 1,000 g at 4°C and resuspended in homogenization buffer containing 300 mM sucrose, 1 mM EDTA, 12 mM HEPES, and 1 mM phenylmethylsulfonylfluoride (PMSF). The resuspended tubules were homogenized with 20 passes in a 5-ml teflon homogenizer. The homogenate was centrifuged twice at 700 g for 10 min at 4°C to pellet nuclei and cellular debris. The supernatant was centrifuged twice at 7,000 g for 10 min at 4°C to pellet mitochondria and remove soluble cytosolic proteins and smaller organelles. The pellet was resuspended in 400 l of homogenization buffer and washed twice by centrifugation at 7,000 g for 10 min at 4°C. The final pellet containing mitochondria was resuspended in 1.0 ml of homogenization buffer and layered onto two sucrose step gradients each containing 750 l of 1.0 M, 1.0 ml of 1.3 M, 1.0 ml of 1.6 M, and 250 l of 2.0 M sucrose. The sucrose step gradients were centrifuged for 60 min at 134,000 g at 4°C. The mitochondrial fraction was recovered as a dense reddish-brown band, divided into four tubes, and washed three times by centrifugation for 20 min at 74,000 g at 4°C. Three of the pellets were combined and resuspended in 100 l of 6 M urea with 1 mM PMSF and stored at Ϫ80°C. The fourth mitochondrial pellet was resuspended in 40 l of homogenization buffer and used immediately to assay for cytochrome c oxidase activity (4). Bradford (3) and bicinchoninic acid (46) (Pierce) protein assays were performed to determine protein concentrations.
Cytochrome c oxidase assay. Mitochondrial enrichment was calculated as the increase in specific activity of cytochrome c oxidase. This activity was determined by measuring the oxidation of reduced cytochrome c at 550 nm. The reaction mixture contained 0.3 mg/ml of cytochrome c dissolved in 30 mM potassium phosphate, pH 7.4. The cytochrome c was reduced by addition of sodium hydrosulfite. The initial rates of oxidation were measured in crude homogenates of proximal convoluted tubules and the purified mitochondrial fractions. The specific activity for each sample was calculated relative to the protein concentration and used to estimate the fold purification.
Proteomic sample preparation. The study compared mitochondrial fractions of proximal convoluted tubules isolated from control rats (n ϭ 3) and 7-day chronic acidotic rats (n ϭ 3). For proteomic analysis, 50 g of protein in 6 M urea were bath sonicated for 5 min and vortexed to lyse the organelles. An acetone precipitation was performed before in-solution protein digestion. Briefly, the proteins were resuspended in 8 M urea and 0.2% ProteaseMAX surfactant (Promega), reduced with dithiothreitol, and alkylated with idoacetamide. The samples were digested with trypsin for 3 h at 37°C and then stopped with 0.5% trifluoroacetic acid. The peptides were dried in a speed-vac and purified using a reverse phase C 18 TopTip (Glygen). The purified peptides were dried in a speed-vac and reconstituted in 50 l of 0.1% formic acid/3% acetonitrile.
Mass spectrometry. Fractionation by two-dimensional liquid chromatography (2D-LC) was performed to increase the number of peptides identified in the samples. A 10-g aliquot of each sample was injected onto a strong cation exchange (SCX) column (Agilent, ZORBAX BioSCX Series II, 300 m ϫ 35 mm, 3.5-m column). Peptides were eluted from the SCX column using 20-l salt bumps of 10, 15, 25, 35, 50, 75, 150 , and 500 mM NaCl. The eluted peptides were further fractionated on a reverse-phase column (1,100 nano-HPLC, Zorbax C18, 5 m, 75-m ID ϫ 150-mm column, Agilent) using a linear gradient from 25 to 55% of 90% acetonitrile and 0.1% formic acid at a flow rate of 300 nl/min. Peptides were eluted from the reverse-phase column directly into the mass spectrometer (LTQ linear ion trap, Thermo Scientific), and spectra were collected over an m/z range of 200 -2,000 Da using a dynamic exclusion limit of three tandem mass spectra (MS/MS) of a given peptide mass for 30 s and an exclusion duration of 90 s. Compound lists of the resulting spectra were generated using Xcalibar 2.2 software (Thermo Scientific) with an intensity threshold of 5,000 and 1 scan/group. Duplicate 2D-LC injections were performed for each biological sample. All chromatograms were manually checked for consistency in retention time between injections and replicates. A tryptic digest of bovine serum albumin was injected between samples for quality control.
Bioinformatics. MS/MS spectra were searched against the Uniprot-KB Rattus norvegicus protein sequence database (74,140 sequence entries) concatenated with a reverse database using both the Mascot (version 2.3.02, Matrix Science) and SEQUEST (version v.27, rev. 11, Sorcerer, Sage-N Research) database search engines. The search parameters were average mass, peptide mass tolerance of 2.5 Da, fragment ion mass tolerance of 1.0 Da, complete tryptic digestion allowing two missed cleavages, variable modifications of methionine oxidation and lysine acetylation, and a fixed modification of cysteine carbamidomethylation. Peptide identifications from both search engine results were combined using protein identification algorithms in Scaffold 3 (Version 3.6.0, Proteome Software). Peptide and protein probability thresholds of 90 and 99%, respectively, were applied with Peptide and Protein Prophet algorithms in Scaffold 3 (25, 33) . Proteins containing shared peptides were grouped by Scaffold 3 to satisfy the laws of parsimony. A peptide false discovery rate (FDR) of 0.2% was determined by the target decoy approach of searching the reversed database (12) . Only proteins that were identified by a minimum of two unique peptides in at least two biological replicates were considered confidently identified. Gene ontology (GO) terms for cellular locations and processes were extracted from Scaffold 3. Additional functional information on the identified proteins was manually determined from the Uniprot-KB database (www.uniprot.org).
Spectral counting. Spectral counting analysis was performed to determine the relative protein abundance changes between control and chronic metabolic acidosis. Spectral counts (SpC) correspond to the sum of all MS/MS spectra identified for all of the peptides assigned to an individual protein. The number of spectral counts has been shown to highly correlate to the abundance of a protein in a sample (36) . Total spectral counts for all peptides identified for each protein were determined by summing the spectra identified using both the Mascot and SEQUEST database search engines for the analysis of each raw file from each biological replicate. The MS/MS data were normalized between samples in Scaffold 3 by using the sum of spectral counts for each sample to determine a scaling factor that was then applied to each protein in the sample. A pseudovalue of 1 was added to all normalized values to eliminate zero values, and fold-changes were calculated using the mean normalized spectral counts for the three biological replicates for each condition. The following analyses were performed to assess data quality: principal components analysis, box plots, density plots, and scatter plots. Variance in the raw data was assessed by analyzing the number of proteins identified per sample, the total spectra identified, and the total peptides identified. Correlation of sample replicates was tested using Pearson's correlation and Spearman's rank sum correlation tests. All of the statistical analysis was performed using the R v2.13 statistics package (http://r-project. org). To test for significant changes in protein abundance, Student's t-test was performed on the normalized spectral count values using Scaffold 3. Fold-changes Ն1.5 with a P value Յ0.05 were considered significant. Manual validation of MS/MS spectra was performed for protein identifications above the thresholds that were based on two unique peptides for proteins with significant P values and for acetylated peptides. Criteria for manual validation included the following: 1) a minimum of at least three theoretical y or b ions in consecutive order that are peaks Ͼ5% of the maximum intensity; 2) an absence of prominent unassigned peaks Ͼ5% of the maximum intensity; and 3) indicative residue-specific fragmentation, such as intense ions N-terminal to proline and immediately C-terminal to aspartate and glutamate.
Western blot analyses. Additional mitochondrial fractions of isolated proximal convoluted tubules were prepared to validate the SpC data. The samples included control, 1-day acute acidotic, 3-day acidotic, and 7-day chronically acidotic rats. For Western blotting, samples containing 10 g of protein were separated by 8 or 10% SDS-PAGE. Proteins were transferred to polyvinylidenedifluoride membranes (Immobilon-FL, Millipore), and the blots were incubated overnight with the primary antibodies. The following rabbit polyclonal antibodies were used to validate changes identified by SpC: kidney-type glutaminase (KGA) (7); glutamate dehydrogenase (GDH; Rockland); carbonic anhydrase 5B (CA5B; Acris); UDP-glucuronosyltransferase 1A1 (UGT1A1; Millipore); catalase (CAT; Abcam); and acetyl-coenzyme A acyltransferase 1 (ACAA1), enoyl-coenzyme A hydratase/3-hydroxyacyl-coenzyme A dehydrogenase (EHHADH), and 17-␤-hydroxysteroid dehydrogenase 4 (HSD17B4; GeneTex). Peroxisomal enrichment was determined using a rabbit anti-peroxisomal biogenesis factor 3 (PEX3) antibody (GeneTex). A rabbit anti-acetylated-lysine (K-Ac 2 -100) antibody (Cell Signaling) was used to quantify changes in total acetylation. Rabbit antibodies to malate dehydrogenase 2 and aconitase 2 (Aviva Systems Biology) and a mouse monoclonal antibody to the 70-kDa subunit of mitochondrial succinate dehydrogenase (SDH; MitoSciences) were used as loading controls. Either 680 Dylight-conjugated goat anti-mouse IgG or 800 Dylight-conjugated goat anti-rabbit IgG (Pierce) was used as a secondary antibody. The resulting bands were visualized and quantified using an Odyssey Infrared Imager (LI-COR Biosciences).
Renal hypertrophy. Sham-operated (n ϭ 3) and left side unilateral nephrectomized rats (UNX; n ϭ 3) were purchased from Charles River Laboratories (Kingston, NY). To achieve maximal compensatory hypertrophy, the rats were killed 21 days postoperation (37) . The average wet weights of the right kidneys of the sham-operated and UNX rats were 1.35 Ϯ 0.05 and 1.82 Ϯ 0.11 g, respectively. Therefore, unilateral nephrectomy resulted in a 36% increase in the wet weight of the right kidney.
RESULTS
Isolation of mitochondria and peroxisomes from proximal convoluted tubules.
Proximal convoluted tubules were isolated from rat renal cortex by Percoll density gradient centrifugation (10). This preparation was previously shown to be essentially free of other nephron segments and to contain ϳ95% proximal convoluted tubules (9, 53). Mitochondria were purified using differential and sucrose density centrifugation procedures similar to the protocol of Reifschneider et al. (39) . Cytochrome c oxidase and protein assays were performed to determine the enrichment of mitochondria (Fig. 1A ). This analysis indicated that the mitochondria were enriched approximately eightfold compared with homogenates of the corresponding proximal convoluted tubules. Because of their similar densities, it was not possible to obtain mitochondria that were free of peroxisomes. Therefore, PEX3, which is an integral membrane protein that participates in peroxisomal biogenesis (15) , was used as a marker to assess the enrichment of peroxisomes in the mitochondrial fractions. Western blot analysis indicated PEX3 was enriched approximately fourfold compared with the homogenates of the proximal convoluted tubules (Fig. 1B) . These data confirm that this protocol enriches predominantly for intact mitochondria and to a lesser extent for peroxisomes. Importantly, there was no significant difference in enrichment of control vs. chronic metabolic acidotic samples.
Proteomic profiling of mitochondrial fractions from control and 7-day acidotic rats. A proteomic approach was utilized to profile the proteins that are expressed in the mitochondria of the proximal convoluted tubule and to identify those that exhibit altered abundance in response to chronic metabolic acidosis (Fig. 2) . Initially, triplicate biological samples of mitochondrial fractions were isolated from proximal convoluted tubules of control and 7-day chronic acidotic rats. Duplicate injections of each sample were analyzed by online two-dimensional LC/MS/MS, employing strong cation exchange and C 18 -reverse phase chromatography for peptide separation. Mass spectra were searched using both Mascot and SEQUEST search engines, and the protein identifications were compiled and validated using Scaffold 3. The two-dimensional LC/MS/MS analyses of the mitochondrial fractions identified a total of 901 proteins in all samples with a peptide FDR of 0.2% calculated based on hits to a decoy database. A complete list of the identified proteins along with their mean spectral counts and transmembrane domain predictions are available at http:// helixweb.nih.gov/ESBL/Database/PCT/ (22) . There are 183 proteins or, 20% of the total identified proteins, that contain at least one predicted transmembrane helix (47) . The presence of predicted transmembrane domains indicates that the mitochondrial isolation and digestion protocols were conducive to retaining and solubilizing membrane proteins.
Of the 901 proteins identified, 11 were unique to the control samples, 12 were unique to the chronic acidotic samples, and 878 were common to both based on their presence in at least one biological sample (Fig. 3A) . The current version of the MitoProteome Database (http://www.mitoproteome.org/data/ proteome/index.html) lists 780 proteins that pass stringent criteria and are well-characterized mitochondrial proteins. Two hundred seventy-two of the proteins identified in this study (35%) are listed in the MitoProteome Database. Information on the cellular location and function of the identified proteins was also derived from the GO terms in Scaffold 3. Cellular locations are represented as a percentage of the 625 proteins that were annotated with a cellular location GO term (Fig. 3B) . As expected, the majority of the proteins (325 or 52%) were identified as mitochondrial. The next most prominent localization was cytosolic proteins (22%), followed by the endoplasmic reticulum (9%), which has an interface with the mitochondrial membrane (20) . There were 8% plasma membrane proteins, which is not surprising because the mitochondria of the proximal convoluted tubule are positioned adjacent to the apical membrane (27) . Thus far only 105 peroxisomal proteins have been identified in the rat (41) . As a result, even though peroxisomes were enriched in the mitochondrial fraction, only 16 proteins or 3% of the total were annotated as peroxisomal. Cellular processes were annotated for 455 of the proteins, which were classified into 131 different processes (Fig. 3C) . The general annotation of metabolic process (17%) contained the largest cluster of proteins. Major mitochondrial processes such as oxidation/reduction (9%), electron transport chain (5%), and fatty acid ␤-oxidation (3%) clustered a large portion of the proteins. Many clusters of central cellular processes contained five or fewer proteins. Collectively, they accounted for 41% of the annotated proteins and they were categorized as "Other" in Fig. 3C . Overall, mitochondrial proteins were the most frequently annotated location and mitochondrial processes were the most prominent clusters.
Mitochondrial protein lysine acetylation. Recently, lysine acetylation has been identified as an important mechanism that regulates cellular metabolism (59) . Western blot analysis of the mitochondrial samples obtained from triplicate preparations of control, 1-day acute, 3-day, and 7-day chronic acidotic rat proximal convoluted tubules were performed using an antiacetyl lysine antibody (Fig. 4A ). This analysis indicated that a large number of proteins were acetylated. The signal for all of Fig. 3 . Proteomic analysis. A: Venn diagram of total proteins identified in the mitochondria prepared from PCT isolated from control and 7-day CMA rats. A total of 901 proteins were identified; 878 were common in both samples, while 12 and 11 were unique to the control and acidotic samples, respectively. Pie charts are shown of the cellular locations (B) and cellular processes (C) as determined by gene ontology (GO) analysis of the identified proteins. Fig. 2 . Proteomics workflow. PCT were isolated from 3 control and three 7-day CMA rats. The tubules were homogenized, and the mitochondria were isolated by differential and sucrose gradient centrifugations. Following tryptic digestion, duplicate injections of the resulting peptides were analyzed by 2-dimensional liquid chromatography (2D-LC) coupled directly with tandem mass spectrometry (MS/MS). Proteins were identified by searching the mass spectra vs. the Uniprot-KB Rat protein sequence database. Spectral counting was performed to determine significant changes in protein abundance.
the acetylated proteins was quantified and normalized to the control samples. The resulting data demonstrate that the level of protein acetylation increased with the progression of acidosis (Fig. 4B) . In the 7-day chronic acidotic samples, lysine acetylation was increased 2.5-fold relative to the control mitochondria. Western blot analysis of proximal convoluted tubule homogenates and soluble cytosolic fractions exhibited no change in protein acetylation (data not shown), which indicates that this hyperacetylation is specific to the mitochondria. To further investigate protein acetylation in metabolic acidosis, all MS/MS spectra were searched with the variable modification of lysine acetylation to identify acetylated peptides and the specific lysines that are modified. The mitochondrial data set contained 37 acetylated peptides from 31 different proteins (Table 1 ). This analysis identified 39 total sites of lysine acetylation, of which 22 were novel sites not previously curated on PhosphoSitePlus (www.phosphosite.org). The identified acetylated proteins are involved in transport, ATP synthesis, and lipid and carbohydrate metabolism. Five acetylated proteins are components of the oxidative phosphorylation pathway; two proteins are contained in complex I, one in complex IV, and two in complex V. Acetylation of lysines has been proposed to prevent protein degradation by blocking sites of ubiquitination (16) . Interestingly, eight of the identified acetylation sites were previously identified as sites of ubiquitination (www.phosphosite.org).
Spectral count analysis. Spectral counting is not reliable for quantifying differences in proteins with low SpC values (29) . Therefore, only proteins with a total of Ͼ10 SpC from all 3 biological replicates were included in the analysis to determine changes in relative protein abundance. Additionally, at least two unique spectra had to be identified in at least two biological replicates for a protein to be considered for analysis. Using this cutoff, spectral counting identified 33 proteins that exhibit a significant fold-change (fold-change Ն1.5, P Յ 0.05) in the control vs. 7-day acidotic samples ( Table 2) . Two of the identified mitochondrial proteins were KGA and GDH, which are key enzymes of glutamine catabolism. Both KGA (8, 57) and GDH (56) were previously established to be upregulated during metabolic acidosis. UGT1A1 was significantly increased (4.6-fold). CAT has been localized to both the mitochondria and peroxisomes. By spectral counting, CAT was increased 2.2-fold during chronic metabolic acidosis. Additional proteins that are localized to both the mitochondria and peroxisomes that were increased during acidosis include ACAA1, HSD17B4, and EHHADH. Another novel protein of interest, CA5B, was also found to increase 5.7-fold, but with a borderline significant P value of 0.068. This isoform of carbonic anhydrase contains a cleavable mitochondrial targeting signal, and immunofluorescence analysis established that the mature CA5B protein is localized in mitochondria (14, 43) .
Validation of proteins altered in metabolic acidosis by Western blotting. The increased expression of eight of the proteins identified by spectral counting was analyzed by Western blotting (Fig. 5A) . The fold-increases calculated by spectral counting and Western blot analyses for six proteins, KGA, GDH, CA5B, CAT, ACAA1, and HSD17B4, were statistically equivalent (Fig. 5B ). UGT1a1 exhibited a 4.6-fold increase in SpC, but only a 1.6-fold increase by Western blotting. UGT1a1 is a protein of the UGT1 gene family, which has nine alternatively spliced variants. There is significant sequence homology among the variants, which is indistinguishable in the mass spectrometry analysis. The detection of shared peptides can lead to artificial inflation of the SpC due to contributions from the various isoforms. In contrast, the antibody used in Western blotting is specific to the UGT1a1 isoform and should represent a more accurate measurement of abundance of this variant. Based upon SpC, EHHADH was increased 2.1-fold. However, this change was not validated by Western blot analysis. Overall, the results of the spectral counting analysis of relative protein abundance were largely validated by the data obtained from the Western blots.
Time course Western blot analysis. Additional mitochondrial fractions were obtained from triplicate control, 1-day acute, 3-day, and 7-day chronic acidotic rats to evaluate the temporal changes in expression of these proteins. The enrichment of the mitochondrial cytochrome c oxidase activity in all of the samples was similar to that observed in the initial study (data not shown). Western blot analyses were used to quantify the relative abundance of the proteins in the temporal samples. The level of KGA was increased at 1 day and continued to increase for 7 days during the development of chronic acidosis (Fig. 5C ). GDH exhibited a more gradual adaptation, was not significantly increased until 3 days, and was expressed at a similar level in the 7-day chronic acidotic samples. The temporal profiles for KGA and GDH are similar to what was previously observed by proteomic analysis of whole cell lysates of isolated proximal convoluted tubules (9). CA5B was increased 2.9-fold after 1 day and then plateaued at a 3.7-fold increase after 3 days. UGT1a1 was increased 1.6-fold after 1 Fig. 4 . Western blot analysis of the temporal changes in lysine acetylation of total mitochondrial proteins during development of acidosis. A: mitochondrial samples were isolated from PCT of three control, three 1-day acidotic (MA), three 3-day MA, and three 7-day CMA rats. Western blot analysis was performed using an anti-N-ε-acetyl-lysine antibody. The bands were imaged and quantified with an Odyssey Infrared Imager. B: acetylation of mitochondrial proteins increased during the onset of acidosis. The combined intensities of each lane in A were normalized to the level of succinate dehydrogenase (SDH), which served as a loading control. Values are means Ϯ SE of triplicate samples.
day and then remained at that level through the 7-day period. Catalase was maximally induced by 3 days (2.6-fold increase) (Fig. 5D) . ACAA1 was induced rapidly and reached a maximum of 7.2-fold by 3 days but decreased to 2.8-fold by 7 days. EHHADH showed a 1.4-fold increase at 1 and 3 days but no change at 7 days. All of the proteins except for KGA appeared to plateau or even decrease between 3 and 7 days. This may be due to the fact that by 7 days the metabolic acidosis is partially compensated (45) .
Hypertrophy. During chronic metabolic acidosis, the proximal convoluted tubule undergoes significant hypertrophy (30) . Thus it was important to determine whether the increase in protein expression was due to the hypertrophy and not an adaptation to metabolic acidosis. The loss of one kidney causes a more extensive hypertrophy of the proximal convoluted tubule in the remaining kidney (44) . Therefore, mitochondria were prepared from proximal convoluted tubules that were isolated from three sham-operated rats and three UNX rats 21 days postsurgery. The maximal compensatory hypertrophy of the proximal convoluted tubule occurred at 21 days post-UNX (37) . UNX rats maintained normal blood pH and HCO 3 Ϫ levels (24) . The wet weight of the remaining kidney was increased 36% compared with sham-operated control kidneys. The isolated mitochondrial fractions were analyzed by Western blotting to determine whether the hyperacetylation and increased protein expression observed during acidosis was due, in part, to the hypertrophy (Fig. 6, A and B) . There was no significant difference in total protein lysine acetylation between UNX and the sham-operated controls (Fig. 6C) . Therefore, increased mitochondrial protein lysine acetylation occurs in response to the changes in acid-base balance and not the hypertrophy that occurs during acidosis. The levels of all the analyzed proteins except for GDH were unchanged in the UNX samples compared with the sham-operated controls (Fig. 6C) . GDH showed a significant twofold decrease in the mitochondria isolated from the UNX rats, indicating that the fold-increase observed during metabolic acidosis is an overcompensation for the decrease caused by hypertrophy alone. Overall, Western blot Proteins in italics were previously shown to be induced during acidosis. *Greater than 0.05 P value. pH-RE, potential pH response element; NA if 3=ϪUTR not sequenced or fold-decrease; M, location mitochondria; P, peroxisome; ER, endoplasmic reticulum; TMD, no. of transmembrane domains predicted.
analyses indicate that the increases in lysine acetylation and protein abundance observed during chronic metabolic acidosis are not merely a response to the associated hypertrophy.
DISCUSSION
Previous proteomic analyses have established that mitochondria isolated from rat muscle, heart, and liver exhibit significant differences in protein content (13) . The various segments of the renal nephron contain mitochondria that differ in size, subcellular location, and function (27) . Therefore, it is very likely that the proteomes of the mitochondria contained in the various nephron segments also differ significantly. This study combined established procedures to isolate rat renal proximal convoluted tubules (9, 53) with a subcellular fractionation protocol to yield a highly enriched preparation of mitochondria specific to the proximal convoluted tubule. Thus the proteomic analysis described in the present study represents the initial characterization of mitochondria from a specific segment of the renal nephron. This organelle constitutes the primary site of the increase in renal ammoniagenesis that occurs during metabolic acidosis (5, 55) . Therefore, proteomic profiling of the mitochondria isolated from control and chronic acidotic rats also provides insight into the alterations in mitochondrial metabolism that either accompany or support the increased catabolism of glutamine. In addition, the resulting data expand our knowledge of the proteome of the renal proximal convoluted tubule (9, 53, 54) .
Lysine acetylation and trimethylation are both detected as an addition of 42 Da. We were unable to distinguish between the two modifications due to mass accuracy limitations and the inability to detect low mass fragment ions ( 1 ⁄3 cutoff rule) of ion trap mass spectrometers. However, trimethylation of non- nuclear proteins is uncommon, whereas lysine acetylation of numerous mitochondrial proteins has been characterized in nonrenal tissues (35, 59) . Therefore, the identified modifications are likely to be acetylated lysines. Lysine acetylation has been shown to produce conformational changes that affect enzyme activities and protein/protein interactions. In addition, lysine acetylation frequently occurs at sites of or near other posttranslational modifications. Therefore, lysine acetylation may block or induce other regulatory modifications (58) . The resulting cross talk between the posttranslational modifications produces a complex set of signaling networks. The identified sites of acetylation in the mitochondrial proteins of the proximal convoluted tubule provide a basis for future mutational and functional analyses to determine their role in the regulation of mitochondrial metabolism and, possibly, in the rapid activation of glutamine catabolism that occurs during an acute onset of metabolic acidosis.
Using stringent criteria, the combined proteomic analyses confidently identified 901 proteins in the mitochondrial preparation isolated from proximal convoluted tubules. Approximately 70% of the identified proteins are previously characterized proteins that have defined GO terms. The analysis of GO terms indicated that the majority of the characterized proteins were previously identified as mitochondrial proteins. Given the incomplete nature of the current assignment of GO terms, it is feasible that many more of the characterized and uncharacterized proteins are also localized in the mitochondria. Spectral counting identified 33 proteins that exhibit a significant adaptive response during chronic metabolic acidosis (Table 2). Only six of these proteins, including KGA and GDH, were previously shown to exhibit an adaptive response to acidosis by either microarray analysis (34) or difference in-gel electrophoresis (9) .
The increases in KGA (28) and GDH (42) expression result from selective stabilization of their respective mRNAs. In both cases, the mRNA stabilization is mediated by an eight-base AU-rich sequence within their 3=-untranslated region (UTR) that functions as a pH-RE. Of the 29 proteins that are significantly increased in acidosis, only 26 have mRNAs for which the 3=-UTR has been annotated. Of the characterized mRNAs, 16, or Ͼ60%, contain an AU-rich sequence in their 3=-UTR that is Ͼ85% identical to either of the pH-REs in the KGA mRNA. The latter group includes two UDP-glucuronosyltransferases (2B15 and 1A1), carbonic anhydrase 5B, Rab-21, catalase, and an enoyl-CoA hydratase. This group constitutes most of the proteins that are increased more than threefold. Therefore, mRNA stabilization may be a common mechanism that mediates the adaptive increases in many proteins in addition to KGA and GDH within the proximal convoluted tubule.
Various isozymes of carbonic anhydrase play an important role in cellular acid-base balance. They catalyze the reversible hydration of carbon dioxide to produce carbonic acid, which spontaneously dissociates to form a bicarbonate ion and a H ϩ (11). The observed increase in the mitochondrial isoform of carbonic anhydrase (CA5B) during chronic metabolic acidosis may support the associated increase in renal gluconeogenesis by providing bicarbonate ions for the mitochondrial pyruvate carboxylase (11, 21) . This enzyme catalyzes an essential reaction in the synthesis of glucose from lactate or pyruvate. Alternatively, the increased expression of this carbonic anhydrase may facilitate the transport of bicarbonate produced by ␣-ketoglutarate dehydrogenase from the mitochondria to the Fig. 6 . Effect of unilateral nephrectomy on lysine acetylation and protein abundance of mitochondrial proteins. A: Western blot analysis of homogenates of mitochondria isolated from PCT from 3 sham-operated and 3 uninephrectomized (UNX) rats was performed using an antibody specific for N-ε-acetyllysine. B: Western blot analysis was performed using antibodies that are specific for 8 of the proteins that were identified to increase significantly by spectral counting during 7-day CMA. Each blot was normalized to a mitochondrial protein that served as a loading control. MW are molecular weight standards. The bands were imaged and quantified with an Odyssey Infrared Imager. C: comparison of fold-changes in protein expression in UNX rats. Values are means Ϯ SE of the intensities of the triplicate UNX samples normalized to the sham-operated control samples. The dashed line indicates no change in abundance.
cytoplasm (43) . This translocation is necessary to ensure that bicarbonate ions generated in the mitochondria during acidosis contribute to the net synthesis of bicarbonate ions that is essential to partially restore acid-base balance.
UGTs catalyze the transfer of glucuronic acid to endogenous and exogenous compounds to increase their solubility and facilitate their excretion in the urine (26) . The human genome encodes 15 separate UGTs that are categorized into two gene families, 1a and 2B (51) . The proteomic analysis identified two UGTs that are significantly increased in the proximal convoluted tubule during acidosis. The primary substrates of UGT1a1 are bilirubin, opioids, and various xenobiotics, whereas UGT2B15 primarily targets bilirubin (26) . UGTs are associated with endoplasmic reticulum membrane through a C-terminal transmembrane domain, which anchors the catalytic domain to the cytoplasmic surface. A specialized portion of the endoplasmic reticulum is closely associated with the mitochondria (20) . This association of the two organelles may account for the recovery of the two UGTs in the isolated mitochondria.
Catalase is another highly abundant protein in the mitochondrial samples that is significantly increased (2.2-fold) during chronic acidosis. Catalase is typically considered to be a peroxisomal marker. However, a recent study detected catalase in the matrix of rat heart mitochondria and demonstrated that it plays a significant role in reducing oxidative stress (1). Furthermore, the overexpression of mitochondrial catalase reduced the production of reactive oxidative species (17) . Western blot analysis of proximal convoluted tubule homogenates using antibodies to 4-hydroxy-2-nonenal and malondialdehyde showed no increase in these markers of oxidative stress during chronic acidosis (data not shown). Therefore, the upregulation of mitochondrial catalase during acidosis may counteract the potential increase in reactive oxygen species that would otherwise accompany an increase in electron transport and ATP synthesis. An additional novel finding is the observation that three enzymes involved in both mitochondrial and peroxisomal fatty acid metabolism are increased in acidosis. Acetyl-CoA acyltransferase, acyl-CoA oxidase, and enoyl-CoA hydratase are all enzymes that contribute to the synthesis of long-chain saturated and unsaturated fatty acids. Their increased expression suggests that acidosis may promote a remodeling of the lipids of the mitochondrial membranes.
The primary functions of the mitochondria-associated endoplasmic reticulum membrane (MAM) are lipid transport, the control of apoptosis, and the efficient shuttling of Ca 2ϩ ions from the endoplasmic reticulum to the mitochondria (20) . The mitochondrial influx of Ca 2ϩ ions is known to regulate flux through the TCA cycle by activating the isocitrate and ␣-ketoglutarate dehydrogenases. Calnexin is a Ca 2ϩ -dependent transmembrane chaperone that is compartmentalized to the MAM (32) . The association of calnexin with the Ca ϩ2 -ATPase may inhibit Ca ϩ2 uptake into the endoplasmic reticulum (40) . The level of calnexin associated with the isolated mitochondria was observed to decrease by 0.4-fold during acidosis. This may reflect the dissociation of calnexin from the Ca ϩ2 -ATPase and its translocation from the MAM to other regions of the endoplasmic reticulum or to the plasma membrane. Previous studies also established that the level of calmodulin is rapidly increased in proximal convoluted tubule cells during an acute onset of acidosis (9) . These findings suggest that increased Ca 2ϩ signaling may contribute to the enhanced mitochondrial catabolism of glutamine during metabolic acidosis.
The proximal convoluted tubule undergoes a significant hypertrophy during chronic metabolic acidosis (30) . A similar hypertrophy occurs in the remnant kidney following unilateral nephrectomy (37) . Unilateral nephrectomy also causes an increase in metabolism and O 2 consumption in the remnant kidney (2) . However, Western blot analysis established that the increase in lysine acetylation and the increases in various proteins, including mitochondrial catalase, that occur during chronic acidosis are not due to the associated hypertrophy. Therefore, the reported remodeling of the mitochondrial proteome of the proximal convoluted tubule occurs in response to the changes in acid-base balance during metabolic acidosis.
